A cDNA library of pepper (Piper nigrum L.) was constructed from the pericarp of ripening berries. The cDNAs were cloned into Uni-ZAP XR vector and then packaged into bacteriophage λ. Screening and isolation of the cDNA clones encoding ACC oxidase were carried out using a papaya ACC oxidase cDNA clone as a heterologous probe. Seven putative clones have been isolated and partially sequenced. EMBL database homology searches showed that the partial nucleotide sequences of these putative cDNA clones are similar to the ACC oxidase sequences of other plant species. Characterization and full length sequencing of these clones are in progress. Two of the clones, p2118 and p3232 have already been fully sequenced. The clone p2118 is 1376 bp long consisting of a 110 bp 5'-untranslated region, a predicted 942 bp coding region of 314 amino acids and a 304 bp 3'-untranslated region. Clone p3232 is 1013 bp long, contains a predicted 680 bp coding region encoding 231 amino acids. Both clones showed very high sequence homology to different groups of plant ACC oxidase genes.
INTRODUCTION
Pepper fruit are commonly known as berries and are borne on a spike. Due to the non-synchronous nature of flower development, fruit ripening is not uniform within a spike. The more mature berries are found near the proximal end and the youngest berries at the distal end of a spike. Five ripening stages of pepper berry viz. 'Immature-green,' 'Mature-green', 'Breaker', 'Early-ripe' and 'Ripe' have been described (Sim et al., 1996) . Only berries at a suitable stage of maturity are hand harvested for processing into quality black and white pepper. Thus uneven ripening of pepper berries results in a higher input of labour for harvesting. An attempt is being made to bring about greater uniformity in pepper fruit ripening to reduce the cost of production.
Ethylene is a plant growth regulator important for ripening of climacteric fruit, leaf and flower senescence and responses to environmental stimuli such as mechanical wounding, flooding and attack by pest and disease. The biosynthesis of ethylene in all these cases is via the same biochemical pathway involving the conversion of SAM (sadenosyl methionine) to ACC (1-aminocyclopropane-1-carboxylic acid) by ACC synthase and from ACC to ethylene by ACC oxidase (Adam and Yang, 1979) . Antisense technology to inhibit the expression of the enzymes involved in ripening has been successfully used to delay ripening of tomato (Hamilton et al., 1990; Oeller et al., 1991) . This technology has also been adopted for the same purpose in melon, papaya and mango (Guis et al., 1997; Abu Bakar, 1999; Zainal et al., 1999) .
During ripening of pepper fruit, significantly higher ACC oxidase activity was detected in berries at the early-ripe, breaker and mature-green stages (Latifah et al., 1998) . Increasing rates in respiration and ethylene production were observed concurrent with a colour change in the pericarp, indicating that pepper berries behave like a climacteric fruit. In an attempt to apply the antisense technology to delay ripening, a cDNA library was constructed from ripening pepper fruit pericarp tissues for isolation of genes involved in ethylene biosynthesis and for subsequent construction of the antisense gene cassette. This paper reports the isolation and characterization of Piper nigram cDNA clones encoding orthologes to ACC oxidase.
MATERIALS AND METHODS

Plant Material
Young roots, stems, leaves, flower spikes and whole berries or pericarp of berries at five stages of development were collected. These materials were frozen immediately in liquid nitrogen after washing in running water and rinsing in sterile distilled water. For the wounding experiment, the plant materials were cut into small pieces, left for two hours at room temperature and then frozen in liquid nitrogen.
RNA Extraction and mRNA Isolation
Total RNA was extracted following the procedure described by Covey and Grierson (1976) with some modifications. Frozen pepper material was ground to a fine powder and homogenized in an extraction buffer containing 1% (w/v) tri-isopropylnaphthalene sulfonic acid (TNS), 6% (w/v) para-amino salicylic acid (sodium salt), 50mM Tris-HCl (pH 8.0) and 5% (v/v) phenol mixture. The proteins, genomic DNA and secondary metabolites in the extract were removed by repeated phenol/chloroform/isoamyl alcohol extractions. The RNA recovered by ethanol precipitation was purified twice with 8M lithium chloride and again precipitated in ethanol. Messenger RNA was isolated using the PolyA Tract Kit (Promega, Madison, WI, USA) following the manufacturer's instructions.
Construction of cDNA Library
A cDNA library was constructed using 8 μg messenger RNAs isolated from total RNA derived from the pericarp of pepper berries at 'Breaker' and 'Early-ripe' stages. First and second strands cDNAs were synthesized using the ZAP-cDNA Synthesis Kit (Stratagene, La Jolla, Ca. USA). Approximately 125 μg of the double stranded cDNA was cloned into Uni-ZAP XR bacteriophage (Stratagene) and packaged in Stratagene's 'Giga III Gold' extract. The primary library was amplified once to 6.9 x 10 9 plaque forming units (pfu) and stored at -80˚C (Sim et al., 1997) . Before screening, the library was tittered to determine the concentration.
Screening of cDNA Library
Screening of the cDNA library was carried out following Stratagene's protocol. The library was plated at a concentration of 35,000 to 50,000 (pfu)/plate. Plaque lift was performed by placing a 'Magna-lift' (Micron Separation Inc.,West Boro, MA,USA) nylon membrane on top of the plaques for 5 minutes to transfer the DNA onto the membrane. The DNA on the membrane was denatured, neutralized, rinsed air-dried and then baked at 80˚C for 25 minutes. Duplicate plaque lifts were prepared in the same way except the transfer of the plaque DNA was increased to 10 minutes.
Membranes were hybridized to a α 32 P labelled ACC oxidase cDNA probe at 42˚C in a buffer containing 5X SSPE, 5X Denhardt's solution, 50% (v/v) formamide and 0.5% (w/v) SDS for 18 hours after a 6 hour pre-hybridization. The probe was labelled by random priming (Stratagene Prime IT II) following the manufacturer's protocol. The membranes were washed at room temperature for 25 minutes with shaking and then at 54˚C with rotation in a solution containing 2x SSPE and 0.1% (w/v) SDS. After washing, membranes were rinsed in 2x SSPE and then exposed to autoradiography film (Hyperfilm-MP, Amersham, Sweden) for 48 hours at -80˚C. Positive plaques were cored out and placed in a microcentrifuge tube containing 500 μl SM buffer and 8 μl chloroform. The phage stocks were then vortex and kept at 4˚C overnight to release the phage particles before subsequent screening. The second and the third rounds of library screening were performed as the primary screening described above except at the concentration of 75 to 100 pfu/plate.
In Vivo Excision Of The pBluescript Phagemid From The Vector
A mixture of 200 μl XL-1 Blue cells (OD 600 =1), 250 μl phage stock and 1 μl of the ExAssist helper phage (Stratagene) were incubated at 37˚C for 15 minutes. After incubation, 3 mL of LB broth was added to the mixture and further incubated for 3 hours at 37˚C with shaking. The mixture was then heated at 70˚C for 2 minutes and then centrifuged for 15 minutes at 1000 x g. The supernatant containing the excised pBluescript phagemid packaged as filamentous phage particle was collected. Ten microlitres of the phagemid was mixed with 200 μl of freshly grown SOLR cells at OD 600 =1 and incubated at 37˚ C for 15 minutes. The cell mixture was then plated out onto a LB agar plate containing ampicillin at 50 μg/mL and incubated at 37˚ C overnight. Colonies that appeared on the plate contained the pBluescript double-stranded phagemid with the cloned DNA insert.
Phagemid Insert Size Determination by PCR
Colonies identified after in vivo excision were put into a microcentrifuge tube containing 50 μl of sterile deionized water. The lysates were boiled for 5 minutes and then used for PCR. The 50 μl PCR mix was made up of 5 μl 10X PCR buffer with1.5 mM magnesium chloride, 1 μl each of 10mM dNTPs, 20 μM each of T3 and T7 primers, 41.75 μl template (lysate) and 0.25 μl of Taq polymerase. The PCR conditions were 94˚C for 2 minutes for one cycle, 1 minute each at 94˚C, 56˚C and 72˚C for 25 cycles followed by 7 minutes at 72˚C for one cycle before maintaining at 4˚C. The PCR products were separated on a 1% (w/v) agarose gel.
Preparation of Plasmid DNA and cDNA Inserts
Plasmid DNAs were isolated using the 'Wizard TM plus maxiprep' DNA purification system (Promega). Insert DNA, for use as a hybridization probe, was first released by digestion with the restriction enzymes EcoR1 and Xho1, separated on 1% (w/v) agarose gels and purified using the 'Prep-a-gene DNA Purification System' (BioRad, Hercules, CA, USA).
DNA Sequencing and Analysis
Plasmid DNAs from putative clones were first partially sequenced from both directions using the universal primers T3, T7 and M13 forward and reverse primers. Internal sequences were obtained using a pair of oligos designed specific to the internal region of each cDNA clone. DNA sequencing was performed by a service company (ACGT, Illinois, USA) using an ABI automatic sequencer. DNA and protein sequence analysis were performed using the DNAStar program and sequence homology searches were using the BLAST search program (Altschul et al., 1997) .
Northern Blot Hybridization
Approximately 30 μg of total RNA was fractioned on a 1% (w/v) agarose gel with 1 x MOPS (3-(N-morpholino)-propanesulfonic acid) buffer and blotted to a nylon membrane ('NEN' Gene Screen plus, Boston, MA, USA). The membrane was prehybridized, hybridized, washed and autoradiographed following the same protocol described earlier for detection of the positive plaques except the probes used were the isolated pepper cDNAs, p2118, p3173 p3232 and p6121. The same Northern membrane was used for hybridization with each of the four cDNA clones. The membrane was striped after hybridization with each probe.
RESULTS AND DISCUSSION
Isolation of cDNA Clones Encoding ACC Oxidase
Before screening for cDNA clones encoding the ACC oxidase, the pepper library was first examined for insert size distribution. This was to ensure the library contained insert sizes of about 1.3 Kb, the size of the predicted full length ACC oxidase cDNA.
PCRs were performed on randomly selected plaques using T3 and T7 primers and their products analysed on 1% (w/v) agarose gels. Results showed that the cDNA library contained clones in a range of sizes from 1.4 kb and below. Those smaller than 0.4 kb were found to be mostly non-recombinants. An ACC oxidase cDNA isolated from papaya (Abu Bakar, 1999) was used as a heterologous probe to isolate pepper clones. Twelve positive plaques were identified and isolated from the first round of library screening. As the first screening was carried out at high density, there was always the possibility of contamination from negative plaques. To obtain pure plaques, a second and third round of screening was conducted. A total of 43 isolated plaques were selected and converted to phagemids by in vivo excision. Insert size of each phagemid was determined and only phagemids containing large inserts were selected for characterisation by sequencing and Northern analysis.
DNA Sequence Analysis
Partial cDNA sequences were obtained from the 12 putative clones and subjected to sequence homology searches. Out of these, 7 clones, p2118, p3173, p3232, p4112, p4322, p5111 and p6121 were found to have similar nucleotide sequences to ACC oxidase sequences from other plant species (Table 1) . Sequence comparisons between these clones indicated that they might be from two different groups of ACC oxidase. Clones p2118, p4322 and p6121 were in one group while p3173, p3232, p4112 and p5111 were in another.
The full sequences of p2118 and p3232 were obtained using two pairs of oligos designed to sequence the middle region of the two clones. The length of p2118 was 1376 bp and contained a predicted open reading frame of 314 amino acids. The open reading frame was preceded by a 110bp 5' untranslated region and followed by a 304 bp 3' untranslated region. The full sequenced length of p3232 was 1013 bp. It contained a 680 bp predicted coding region encoding 231 amino acids and 302 bp of 3' untranslated region. Clone p3232 was not full length as it was shorter than the average length of most ACC oxidase cDNAs, which is about 1.3 Kb. Furthermore, the 5' untranslated region seemed to be absent from the sequence. It is probable that the first ATG encoding Methionine was not the first ATG of the cDNA. The complete sequence of p2118 and the derived amino acid sequence are shown in Figure 2 and those of p3232 in Figure 3 .
The full cDNA and the predicted protein sequences of p2118 were compared to sequences in deposit in the EMBL (European Molecular Biology Laboratory) database using the BLAST search program. Results showed that p2118 had the highest DNA sequence similarity with ACC oxidase sequences from Pelargonium hortorum (accession no. U19856) at 88%, followed by Musa acuminata (AF030411 and AF030410), 87%, Sorghum bicolor (AF079588), 85%, and Prunus armeniaca (AF026793), 84%. The predicted protein sequence of p2118 also showed high homology to ACC oxidase sequences of Musa acuminata (AF030411 and AF030410) at 69% and 68% respectively, followed by Sorghum bicolor (AF079588) at 65% and Arabidopsis thaliana (NC_003070 and AC078898) at 67%. Similar BLAST searches were also carried out for p3232 full-length cDNA sequences. Results also showed that p3232 had high sequence homology to ACC oxidase sequences in the database but was different to those of p2118. The highest homology was to Phyllostachys edulis (ABO44747) at 81%, followed by Carica papaya (L76283) 84% and Oryza sativa (AFO49888) 80%. Pelargonium hortorum (U19856) that showed the highest (87%) homology to p2118 cDNA sequence was only 82% similar to p3232. This suggests that the clones are two different ACC oxidases from black pepper. The results of p3232 protein homology showed that p3232 was most similar to ACC oxidase protein sequences of Trifolium repens (AF115262) followed by Medicago truncatula both at 86%, Lycopersicon esculentum (X58885 and Z54199) 87%, Helianthus annus (U62554) 87% and Carica papaya (AF379855) 85%. Complete sequencing and analyses of the other five putative clones are in progress.
Northern Analysis
Northern analysis was carried out on p2118 and p3232 to determine their expression patterns during berry ripening, in various organs of the pepper plant as well as in response to mechanical wounding. The results (Fig 1a) showed that both p2118 and p3232 genes appeared to be expressed in roots and flower spikes, with p3232 showing higher expression than p2118 in the roots. The p3232 gene also seemed to be expressed in stem and leaf tissues, although at lower amounts than in roots. On the other hand, the p2118 gene was not expressed in either the stem or leaf tissues. The expression of both genes was not detected in the whole fruit sample that consisted of tissues from the pericarp and seed. However, expression signals were seen in fruit tissue consisting of the pericarp only for both p2118 and p3232 (Fig. 1c) . These contradictory results may be explained by the fact that the pericarp contributes to no more than 5 % of the fresh weight of a mature pepper berry. Transcripts from the seed would most likely dominate total RNA isolated from the seed and pericarp sample. Results from the pericarp only sample suggest that both genes are not expressed within the seed, however, a seed only sample was not examined in the current study. Expression of the p3232 gene appeared to be inducible by wounding. It was responsive to mechanical wounding in the root, stem, flower spike and a little lower in leaf. (Fig. 1b) . Wounding seemed to induce p2118 gene expression but only in roots and flower spikes and at a much lower level than p3232.
Northern analysis during ripening (Fig. 1c) showed that both genes were expressed in fruit pericarp. In p2118, the expression was highest in the 'immature green' stage, decreased at the 'mature green' stage and increased again during ripening, i.e. from 'breaker' to 'early-ripe' and 'ripe' stages (Fig. 1c) . During ripening, the p3232 gene seemed to be expressed in the 'early ripe' and 'ripe' stages only. This provides further evidence that p2118 and p3232 are two different ACC oxidase genes from black pepper.
In this study, seven cDNA clones encoding ACC oxidase have been isolated from a cDNA library of the pericarp tissues of ripening pepper berries. Clones p2118 and p3232 have been fully sequenced and characterized. They appear to differ in their sequence homology and expression patterns. The p3232 gene was more responsive to mechanical wounding than p2118. The two genes might encode for ACC oxidases for different processes involving ethylene in black pepper. It is suggested that p2118 be used for antisense technology. Fig. 1 . Expression pattern of pepper cDNA clones p2118 and p3232 in wounded and nonwounded organs and tissue and in pericarp at five stages of berry development. 
